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Previously we found that pertussis toxin (PT), an exotoxin virulence factor produced by Bordetella pertussis,
plays an important early role in colonization of the respiratory tract by this pathogen, using a mouse intranasal
infection model. In this study, we examined the early role played by another exotoxin produced by this
pathogen, adenylate cyclase toxin (ACT). By comparing a wild-type strain to a mutant strain (ACYA) with an
in-frame deletion of the cyad gene encoding ACT, we found that the lack of ACT confers a significant peak (day
7) colonization defect (1 to 2 log,,). In mixed-infection experiments, the ACYA strain was significantly
outcompeted by the wild-type strain, and intranasal administration of purified ACT did not increase coloni-
zation by ACYA. These data suggest that ACT benefits the bacterial cells that produce it and, unlike PT, does
not act as a soluble factor benefiting the entire infecting bacterial population. Comparison of lower respiratory
tract infections over the first 4 days after inoculation revealed that the colonization defect of the PT deletion
strain was apparent earlier than that of ACYA, suggesting that PT plays an earlier role than ACT in the
establishment of B. pertussis infection. Examination of cells in the bronchoalveolar lavage fluid of infected mice
revealed that, unlike PT, ACT does not appear to inhibit neutrophil influx to the respiratory tract early after

infection but may combat neutrophil activity once influx has occurred.

Bordetella pertussis, a gram-negative bacterial pathogen of
the human respiratory tract, secretes at least two protein tox-
ins, pertussis toxin (PT) and adenylate cyclase toxin (ACT),
that are important virulence factors in mouse models of infec-
tion. PT is an ABs toxin that is uniquely produced by B.
pertussis. It comprises an enzymatically active A subunit (S1)
that ADP ribosylates the alpha subunit of heterotrimeric Gi
proteins in mammalian cells (17, 22) and a B heteropentamer
that binds unidentified glycoconjugate receptors on cells (1,
32). ADP ribosylation of G proteins by PT causes a wide range
of effects on signaling pathways in mammalian cells (25) and is
responsible for the systemic symptoms of pertussis disease,
such as lymphocytosis, insulinemia, and histamine sensitivity
(21, 23, 24). Recently, by comparing a wild-type strain to a
mutant strain with an in-frame deletion of the genes encoding
PT (APT), we found that PT is an important colonization
factor for B. pertussis lower respiratory tract infection and that
PT plays an early role in this host-pathogen interaction, includ-
ing delaying the recruitment of neutrophils to the site of in-
fection (2). We also found that PT acts as a soluble factor that
can enhance B. pertussis respiratory tract colonization, even
when administered 14 days prior to bacterial inoculation (2).
PT also suppresses serum antibody responses to B. pertussis
after respiratory tract infection (3) and may play multiple im-
munosuppressive roles in the host-pathogen interaction.

ACT is a single 177-kDa polypeptide with an N-terminal
adenylate cyclase domain and a larger C-terminal domain re-
sponsible for hemolysis and for entry of ACT into mammalian
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cells (6). ACT binds specifically to phagocytic cells by interact-
ing with the CD11b/CD18 integrin receptor (12) but can also
penetrate lipid bilayers in the absence of this receptor (20, 27).
Within cells ACT is activated by calmodulin to generate cyclic
AMP (33), the accumulation of which is thought to be the
primary mechanism of intoxication (4, 8). ACT inhibits neu-
trophil functions, including phagocytosis, oxidative burst, and
chemotaxis (4, 5, 29), and also induces apoptosis in macro-
phages both in vitro and in vivo (11, 19). ACT is considered to
be an important virulence factor for B. pertussis. A Tn5 mutant
of strain Tohama I deficient in ACT production was signifi-
cantly reduced in virulence in neonatal and infant mice (7, 10,
30, 31) and various different ACT mutants of strain 18323 were
defective for respiratory tract colonization of 3- to 4-week-old
mice (18). Antibodies to ACT protected infant mice against
lethal respiratory challenge with B. pertussis (13) and promoted
the phagocytosis of B. pertussis by human neutrophils (28).
A study comparing PT-deficient (APT) and ACT-deficient
(AACT) mutants in intranasally infected infant mice concluded
that ACT, but not PT, was critical for initial colonization of the
respiratory tract and that both toxins were necessary for lethal-
ity in this model, suggesting that PT played a later role in this
interaction (7, 30).

ACT is secreted by B. pertussis via the type I pathway en-
coded by the cyaB, cyaD, and cyaE genes (6), but ACT was first
discovered as a bacterial-cell-associated activity (15). Recent
studies have shown that ACT associates with filamentous hem-
agglutinin on the surface of B. pertussis (34) but that newly
secreted toxin rather than this cell-associated toxin is respon-
sible for intoxication of a macrophage cell line in culture (9).
Therefore, it was unclear whether ACT acts as a soluble toxin
(like PT) or a cell-associated toxin during infection and colo-
nization of the respiratory tract. We sought to answer this
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question and to compare the roles of the two toxins in the early
respiratory tract events of this host-pathogen interaction.

MATERIALS AND METHODS

Bacterial strains and growth conditions. The B. pertussis background strain
used in this study was a streptomycin- and nalidixic acid-resistant derivative of
Tohama I (16). The wild-type strain (WT) was the parental strain that emerged
from the conjugation experiment in which the APT strain was constructed (2).
The APT and ACYA derivatives were constructed as previously described (2, 3).
The APT ACYA double mutant was derived by introducing the cyad deletion
into the APT strain by conjugation and allelic exchange as previously described
(3). B. pertussis strains were grown on Bordet-Gengou agar (Difco) plates con-
taining 15% defibrinated sheep blood and the following antibiotics at the indi-
cated concentrations where necessary: streptomycin, 400 g ml™'; nalidixic acid,
20 wg ml~'; or gentamicin, 10 wg ml~'. Escherichia coli strains used were DH10B
(Invitrogen) for standard cloning experiments and S17.1 (26) for conjugation
with B. pertussis, and these were grown on LB agar plates containing gentamicin
at 10 pg ml~! where necessary.

Mouse infection. Six-week-old female BALB/c mice (Charles River Labora-
tories) were used for infection experiments. Inocula were prepared, and intra-
nasal inoculation was performed as previously described (2). At the indicated
time points, mice were sacrificed by carbon dioxide inhalation, their lower re-
spiratory tract (trachea plus lungs) was removed and homogenized in 2 ml of
phosphate-buffered saline, and dilutions were plated on Bordet-Gengou-blood
agar plates with streptomycin. Four days later the number of CFU per respira-
tory tract was determined. Statistical analysis was performed using a ¢ test.

BAL. Mice were sacrificed by carbon dioxide inhalation, and the respiratory
tract was exposed by dissection. A small incision was made near the top of the
trachea, and a blunt-ended 20-gauge needle was inserted and tied in place with
surgical thread around the trachea. Bronchoalveolar lavage (BAL) fluid was
obtained by four rounds of filling the lungs with 0.7 ml of phosphate-buffered
saline and withdrawing as much of the liquid as possible. BAL samples were
centrifuged to pellet the cells, which were resuspended in 1 ml RPMI medium,
and aliquots were removed for counting on a hemocytometer and for cytospin
centrifugation onto a microscope slide, followed by staining with modified
Wright’s stain for cell type identification. To determine the number of macro-
phages and neutrophils in these samples, 100 cells from several microscopy fields
were identified.

ACT protein. ACT (a generous gift from Erik Hewlett) was purified from an
overexpressing E. coli strain, its activity was determined as previously described
(8), and it was stored in 8 M urea buffer at —20°C. ACT activity was also
confirmed by cytotoxicity for J774.1 macrophage cells, as determined by trypan
blue staining.

RESULTS

Respiratory tract colonization of mice by WT and ACYA.
Previously, we constructed a strain (ACYA) with an in-frame
deletion of the cyad gene encoding ACT (3). Six-week-old
female BALB/c mice were intranasally inoculated with a high
dose (3 X 10° CFU) or a low dose (5 X 10* CFU) of either WT
or ACYA, and lower respiratory tract colonization was as-
sessed 7 days later (around the peak of WT colonization).
ACYA showed a significant defect in colonization (1 to 2 log,,
reduction) at each dose (Fig. 1A). The time courses of lower
respiratory tract colonization by these two strains in BALB/c
mice were followed after inoculation with 2.5 X 10° CFU (an
intermediate dose). WT showed a characteristic increase in
colonization, with a peak at day 7 postinoculation, followed by
gradual clearance of the infection over the next 2 weeks (Fig.
1B). In comparison, ACYA failed to multiply significantly and
showed a defect in colonization from day 4 to day 14 (Fig. 1B).
These data demonstrate that ACT plays an important role
during infection that allows optimal colonization of the mouse
lower respiratory tract by B. pertussis. The phenotype of ACYA
is quite similar to that of APT in this infection model (2).
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FIG. 1. (A) Groups of four to five BALB/c mice were inoculated
with the indicated doses of either WT (darker bars) or ACYA (lighter
bars), and colonization levels were assessed after 7 days. Results show
a significant defect in colonization by ACYA at both doses. (B) Com-
parison of the time courses of respiratory tract colonization by WT
(squares) and ACYA (open circles) after inoculation of BALB/c mice
with 2.5 X 10° CFU of either strain. Each value is the mean =+ standard
deviation (SD) of results for groups of four to five mice. *, P < 0.05.

Mixed infection with WT and ACYA strains. Previously we
found that APT shows no competitive disadvantage in a mixed
infection with WT, despite its colonization defect in a single-
strain infection, and that it colonizes at higher levels in the
mixed infection than in the single-strain infection (2). This is
almost certainly due to the secreted soluble PT acting on the
host to benefit all bacteria present in the infection. To deter-
mine whether ACYA demonstrates a similar phenotype when
mice are coinfected with WT, we performed mouse infection
experiments with inocula consisting of WT and ACYA mixed
together in different ratios. Six-week-old female BALB/c mice
were intranasally inoculated with 5 X 10° CFU of a mixture of
WT and ACYA in ratios of approximately 5:1 and 1:5, and
lower respiratory tract colonization and the ratio of the colo-
nizing strains were determined on day 7 postinoculation. As
shown in Fig. 2A, the overall colonization level was greater for
the 5:1 ratio inoculum, presumably due to the higher number
of WT bacteria in this inoculum. The ratio of the two strains in
the inoculum and among the CFU recovered from each infec-
tion was determined by assessment of colony hemolytic phe-
notype (ACYA is nonhemolytic), and the results showed that
the ratio of WT to ACYA recovered from each mouse was
greater than the starting ratio in the inoculum (Fig. 2B). For
the 5:1 ratio inoculum (82% WT), the mean percentage of WT
colonies recovered from the mice was 96.5%, and for the 1:5
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FIG. 2. Groups of four BALB/c mice were inoculated with 5 X 10° CFU of a mixture of WT and ACYA at the indicated ratios. (A) Colonization
levels from each infection at 7 days postinoculation. Bars indicate means + SDs. (B) Ratios of the two strains in the inoculum (Inoc) or the CFU
recovered from individual mice infected with each mixture, expressed as percentages.

ratio inoculum (16% WT), the mean percentage of WT colo-
nies recovered from the mice was 68.5%. In addition, ACYA
colonized at slightly lower levels in these mixed infections than
in the single-strain infection. These results demonstrate that
ACYA is at a significant competitive disadvantage versus WT
in a mixed infection. This phenotype is in contrast to that of
APT and suggests that ACT acts more as a cell-associated
factor than a soluble secreted toxin in its role in enhancing
respiratory tract colonization.

Effect of coadministration of purified ACT on ACYA colo-
nization. To test further the idea that ACT acts as a cell-
associated factor benefiting only the producing bacteria to
promote colonization, we performed mouse infection experi-
ments in which we coadministered purified ACT mixed with
the ACYA inoculum. Six-week-old female BALB/c mice were
intranasally inoculated with either 3 X 10° CFU of WT or a
mixture of 3 X 10° CFU of ACYA and 200 ng purified ACT (or
buffer as a control), and lower respiratory tract colonization
was assessed 4 days postinoculation. The results showed that
coadministration of ACT had no beneficial effect on the colo-
nization level of ACYA (Fig. 3). However, one possibility is
that ACT plays a role at a later time after inoculation and that
the ACT protein administered at the time of inoculation is
cleared or inactivated by the time its function is needed by the
bacteria. To test this possibility, mice were inoculated with 3 X
10° CFU of ACYA and then on days 1 or 2 postinoculation,
groups of these mice were intranasally treated with either 200
ng purified ACT or with an equivalent volume of buffer as a
control, and lower respiratory tract colonization was assessed 4
days postinoculation. The results showed that, similar to the
coadministration of ACT with the bacteria, administration of
ACT at the later time points had no beneficial effect on the
colonization level of ACYA (Fig. 3). The slight increase in
colonization in mice administered ACT 2 days postinoculation
is not significantly different than the level in the buffer control
group or the coadministration (day 0) group. The activity of
the purified ACT was confirmed by its cytotoxicity for J774.1
macrophage cells (data not shown). These data suggest that, in
contrast to PT, purified ACT cannot “complement” the colo-
nization defect of the mutant strain, further supporting the
idea that ACT acts in a cell-associated manner rather than as
a soluble secreted protein.

Comparison of APT and ACYA colonization early after in-
oculation. Previously, we found that APT colonization was
significantly lower than that of WT by day 2 postinoculation
and that PT production by WT appeared to delay the influx of
neutrophils to the lungs of infected mice (2). The observations
that ACYA colonization was not significantly different than
that of WT at day 2 postinoculation (Fig. 1B) and that purified
ACT did not enhance ACYA colonization (Fig. 3) were both in
contrast to the results obtained for APT and PT (2) and led us
to hypothesize that the two toxins may play different roles at
different times during the early phase of B. pertussis infection.
To test this idea we inoculated mice with 2 X 10° CFU of
either WT, APT, or ACYA and assessed colonization 3 h (day
0), 1 day, 2 days, and 4 days postinoculation. As shown in Fig.
4A, the colonization defect of APT manifests earlier than that
of ACYA, with a significant difference between the two mutant
strains at day 2 postinoculation, although in this experiment,
ACYA colonization was also significantly reduced compared to
that of WT at day 2. By day 4 colonization levels of the two
mutants were equivalent, and both were significantly lower
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FIG. 3. BALB/c mice (four per group) were inoculated with ap-
proximately 3 X 10° CFU of WT (dark bar) or an equivalent dose of
ACYA, with administration of 200 ng purified ACT or an equivalent
volume of buffer on days 0, 1, and 2 postinoculation. Colonization
levels at day 4 postinoculation are shown. Bars indicate means + SDs.
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FIG. 4. (A) BALB/c mice were inoculated with approximately 2 X
10° CFU of WT, APT, or ACYA, and colonization levels were assessed
at the indicated times after inoculation (points indicate means + SDs
of values from four mice). (B) BALB/c mice were inoculated with
approximately 4 X 10° CFU of WT, APT, ACYA, or APT ACYA, and
colonization levels were assessed at the indicated times after inocula-
tion (points indicate means + SDs of values from four mice). (C) Neu-
trophil numbers in bronchoalveolar lavage fluid from mice in the
experiment shown in panel B. *, P < 0.05.

(approximately 50-fold) than that of WT (Fig. 4A). The exper-
iment was repeated, this time with the inclusion of the double
mutant strain APT ACYA, and in addition to assessment of
colonization, we performed BAL on the same mice and ana-
lyzed the cell content to assess the level of neutrophil influx in
the lungs. Mice were inoculated with 4 X 10° CFU of WT or
one of the mutant strains, and as shown in Fig. 4B; the colo-
nization results were similar to those in the first experiment,
with APT showing a significant defect earlier than ACYA. Not
surprisingly, the double mutant strain was the most defective
for colonization (Fig. 4B). Assessment of neutrophil influx in
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response to infection with each strain revealed a significantly
higher level of neutrophils in the BAL fluid of APT-infected
mice than in that of ACYA-infected mice, versus the level in
the BAL fluid of WT-infected mice on days 1 and 2 postinocu-
lation (Fig. 4C). By day 3 postinoculation, the level of neutro-
phils in the BAL fluid of WT-infected mice was significantly
higher than that in the mice infected with any other strain, with
a further increase by day 4, presumably due to the higher
colonization level achieved by WT at these time points. In
contrast there was no increase in the number of neutrophils
over time in response to infection with any of the mutant
strains. The numbers of macrophages (approximately 10%) in
the BAL samples from these mice were not significantly dif-
ferent between strains and did not increase over the time
course of this experiment (data not shown). From these data,
we conclude that ACT, unlike PT, has no effect on early neu-
trophil influx into the lungs of B. pertussis-infected mice.

DISCUSSION

In this study we have shown that ACT plays an important
role in lower respiratory tract infection by B. pertussis in our
mouse model. A mutant with an in-frame deletion of cyad
(ACYA) was significantly defective in colonization at two dif-
ferent doses and over the time course of infection, at least
between days 4 and 14 postinoculation. This is not surprising
based on the similar phenotypes of various ACT-deficient mu-
tants in other studies (7, 18), but the mouse models of infection
used in those studies differ from ours, and we have obtained
contrasting results on the phenotype of the APT strain in our
model to those reported using these other models (2).

Mixed infection with WT and ACYA strains revealed that,
unlike APT, ACYA is at a competitive disadvantage versus
WT. This suggests that ACT acts more in a cell-associated
manner than as a freely soluble toxin, benefiting the cells
producing it rather than the bacterial population as a whole.
ACT has been described as a cell-associated toxin (15), prob-
ably due to its interaction with filamentons hemagglutinin on
the bacterial cell surface (34). However, a recent report dem-
onstrated that newly secreted toxin, rather than cell-associated
toxin, was responsible for the intoxication of cultured mamma-
lian cells and that different B. pertussis strains with widely
different levels of cell-associated ACT could intoxicate cells
equally (9). Other data in that report suggested that the inter-
action of bacteria with cultured cells was important for efficient
delivery of ACT (9). All together with our data from the mixed
infections, the most plausible explanation is that during a B.
pertussis infection, ACT acts on target cells in the close vicinity
of the bacteria producing it, probably after binding of the
bacteria to the target cell. In this case, the number of bacterial
cells bound to each target mammalian cell must be relatively
low; otherwise, the mixture of WT and ACYA cells bound to a
target cell (in the mixed infection) would all benefit from the
cell intoxication by ACT produced by the WT cells. This prop-
erty of ACT distinguishes it from PT, which appears to act as
a freely soluble toxin benefiting all bacteria during mixed in-
fection (2) and suggests different specific roles for the two
toxins during infection. The inability of purified exogenously
added ACT to enhance B. pertussis colonization is consistent
with this idea, since the freely soluble toxin may not act in the
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appropriate spatial or temporal manner on the specific cells to
which the bacteria are bound. However, this may also be due to
the more trivial reason that ACT is relatively unstable in so-
lution (once diluted out of the urea buffer) and may undergo
aggregation into inactive complexes before reaching relevant
target cells. With this in mind, we administered ACT on days
1 and 2 postinoculation, as well as coadministering ACT with
the bacteria, in case ACT was needed only at these later time
points of the infection, but still no enhancing effect was ob-
served.

Our observation from the first time course infection exper-
iment that ACYA did not show a significant colonization de-
fect versus WT on day 2 postinoculation (Fig. 1B) led us to
speculate that the timings of the requirement for the activities
of ACT and PT early during B. pertussis infection may be
slightly different, with PT perhaps being required earlier since
APT was significantly defective for colonization by day 2 (2).
Our data from the early infection experiments (Fig. 4) indeed
strongly suggest that PT plays a slightly earlier role in the
infection than ACT, since the defect in APT colonization was
consistently manifested earlier than that of ACYA, although
both mutants were equally defective by day 4 postinoculation.
Neutrophil influx was greater in response to APT infection
than to WT infection at early time points, as we had previously
observed, but this was not true for ACYA, suggesting that ACT
does not act to inhibit neutrophil recruitment to the site of
infection. Interestingly, neutrophil influx in response to WT
infection greatly exceeded that in response to infection with
any of the mutants by day 3 postinoculation, with a further
increase by day 4. This may be due to the much higher numbers
of colonizing bacteria by these time points, with the release of
neutrophil-recruiting stimuli that overcome the effect of PT.
We hypothesize that PT plays an important early role for B.
pertussis infection by delaying the influx of neutrophils to the
site of infection during the first 24 to 48 h postinoculation and
that ACT then plays an important role in the intoxication of
recruited neutrophils after the interaction of the bacteria with
these cells. ACT is known to enter cells efficiently after binding
to the CD11b/CD18 integrin receptor present on neutrophils
(12) and to have deleterious effects on neutrophil activities (4,
5, 29), and in a study on the closely related pathogen Bordetella
bronchiseptica, neutrophils were identified as the major target
cells for ACT in promoting infection (14). Therefore, these
toxins may provide a one-two punch on neutrophil recruitment
and activity that is essential for optimal infection and coloni-
zation of the respiratory tract by B. pertussis.
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